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For Mach numbers up to 4.0, design charts are presented for single-
and double -oblique-shock inlets and for isentropic axisyuunetric and two-
dimensional surfaces having theoretically focused ?&ch lines. Nondimti-
sional geometric contours with corresponding local Mach number and flow-
angle variations are present ed for a systematic fsmily,of isentropic sur-
faces for I&ch number-s from 2.0 to 4.0 in increments of 0.25. KU.
tions are carried from the free -stresm Mach number to a local Mach

* of unity and sre applicable for use in the design of either inlets

ql haust nozzles.

solu-
nuaiber
or ex-

limit3“ For isentropic inlet applications, there exists a compression
based on a theoretical analysis of shock structures having a single wave-
intersection at the cowl lip and satisfybg the condition of equal pres-
sures and flow direction on either side of the vortex sheet. Shock SOh2-

tions corresponding to this limit are demonstrated by the use of pressure-
deflection polsrs. At a free-stream Wwh number of 4.0, an all-e.xternal-
compression inlet with focused compression at the cowl lip is thus limi-
ted to a theoretical total-pressure recovery of 0.685 determined solely
by shock losses.

The requirement of both internaUy and externally attached shocks
at the cowl lip is also considered. For isentropic 3n.lets,this con-
sideration is less restrictive with regard to maximum total-pressure
recovery than the H.mit based on shock structure.

A ccnn..arisonwas then made of the performance of the isentropic inlet
designed on the basis of the shock-structure compression limit and the
theoretical optinuu nperformance of singl.e-and double-oblique-shock con- ‘-
figurations for free-stresm Mach numbers up to 4.0. .
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l\ecause of their high performsn ce, isentropic surfaces having theo-
retically focused N&ch lines may find &xtensive application either as
inlets or as exhaust nozzles on jet engties at Machnu@ers of approxi-
mately 2.0 and higher. The design of such surfaces is based on the meth-
od of characteristics and, at least for the axisymmetric case, becomes
qui~,tedious ad time-consuming. For the convenience of the designerj
the ccntours and flow fields for a pertinent fsmily of two-dimensional
and axisymmetric surfaces were calculated with the aid of an electronic
co~uting machin=(a Card+rogrsm Calculator) at the ~ L-ewisLabcm=a;
tory . me results are presented hereti “for a“rsmge of ?ree%tre=- ~h--””
numbers up to 40. . .

-..—
For supersonic inlets operating at the higher &chn~e~13 (.i.e..~

above 2.2) and having the specification of foa”ec”coro.pression or a s~-
g.lewave ”intersection at the cowl lip, the amount of external cmnpres8@n
is limited to a value equal to or lower thszit~_.corresponding free-
strem””nmmal-shock pressure””-rise. This restriction is a Consequence of
the requirement of a static-pressure balance acros6 t@e_r&.sQ~t__vort@..
sheet. ‘Another design condition which could impose a coropressiom limit
upon tae~erformance of isentropic inlets is the requireinent of both ex-
ternally and internally attached shocks at the cowl lip. For free-stream
Mwh mxibers up to 4.0, theoretical analyses ar+made in order to define
these compression limits more precisely and to determine the extent ix.
which “inletperformance would be limited. The results are presented
herein.

...-. .. —- --

Iz -orderto illustrate th=relative”perfor&r~e at;a~~-~le wi+h =e”
variou~3 types of compression surface, a comparison of theoretical. pre6-
sure recoveries was made for a zero-spi~age isentropic inlet at its
compression limit end for the optimum configurations of sing@- and
double--obM.que-sho& inlets. All press”ue recoveiles are based solefi ‘
on shock losses with no accounting for viscous effects. Because of the
lack of an adeqyate theoretical solution for bcyundary layers in the pres-
ence of high adverse pressue gradients, no boundary-layer displacement
correction was applied to the resulting contours. Alsoj_the external
drags associated with each t~e of inlet were not considered in any of
the comparisons.

-—
SY.MBOIS

Tk.efollowing symbols sre used in this report:

A area

M Mach number

....-,

.-.—.—
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total pressure

static pressure

radius of focal petit

axialdistance from tip of spike or leading edge of raq
-,

height or radti distance from axis

ratio of specific heats for air

flow agle relative to free-stresm direction, deg

two-dimensional detachment angle corresponding to free-stream
Wch number, deg

two-dimensional detachment angle corresponding to the Mach nmn-
ber at the diffuser entrance, deg

initial wedge angle, deg

difference between initial and second wedge angles, deg

initial cone half-angle, deg

difference between initial and second cone half-angle, deg

kinetic-energy efficiency defined as the ratio of ktietic energy
available after diffusion (assuming isentropic reexpansion to
ambient pressure} to the kinetic energy in the free stream,

[() 1
r-1

PO
T /

1-

(Y -21)% ~“ ‘1

ray s.ngle, a conical half-angle that can vary between the conical

shock angle and the cone half-angle
..

Subscripts: w.
-.

a conditions between strong shock arfdvortex sheet ,*J*=:.
t “~r;)””..i

b conditiou between vortex sheet and reflected wave -z_ ——— ____
- -%

c conditions between reflected wave and end of the isentropic com-~
pression fan

*
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conditions at diffuser entr~ce
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conditions at focal paint

conditions corresponding to compression lMt–

conditions along compyess ion surface

free-stresm conditions

conditions behind hit id. shock

.==

conditions behimd normal shock (after supersonic compression has
been ccmpleted)

ANAIX31S

——

AND DZSCUSSI.ON

The assuumtions and calculation proc”eduxe used in the desire of _“
.s
—

isentropic sur~aces are considered f~st~ Important geometric =d aero-
dynamic:parameters are summarized in chart form. Then, an analysis of
compression limits pertaining to supersonic inlets is presented. Finally,
a comparison of theoretical pressure recoveries is made of the variow
types c?f.inl.etfor free-stream Mach riunibersup to 4.0 when these cgmpref3-
sion l~mits are imposed.

.

, Design of Isentropic Surfaces
—

The following design conditions were iqosed in order to establish
ad define a systematic fsndly of isentroplc surfaces, such as would be
suitable for supersonic inlet (or exit) applications:

(1) The total-pressure recovery across the initial stick is 0.99 -

(2} All characteristic lines coalesce or focus at a c-n inter-
section

(3) Zero-radius turning (Prandtl-Meyer. flow) occurs at the f=sl
poin~ch is located on the initial shock

.:..-

A calctitlon was made tudetermine the effect of initial shock
strength on over-aid.pres~ure recovery for a specified amount of flow
turning> that is, the balance between nozm.al- and oblique-shock losses;
The question was whether it is more desirable to ut~ze a completely
isentropic coqmession before the normal shock or, for the same degree
of flow turning, to have a finite initial shock fo~owed by isentropic
compression and a normal shock at a correspondingly lower Mach number.
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The computation was based on an assured cowl, which had an initial ex-
ternal angle equal to the free-stream detachment value and the internal
surface sl=d with the 10CSJ.flow. The results of this analysis indi-
cated that, for a s~cified turning, ccaapletely isentropic compression
ahead of the normal shock (~Po = 1.00) offers the msximum potential. re-
covery for all-external-compression inlets. In practice, however, it is
generally destiable to have a finite initial compression surface angle in
order to avoid overly thin, long surfaces. Accordingly, the total-
pressure recovery across the initial shock P~Po was arbitrarily set at

0.99 for the present family of isentropic surfaces without much loss in
over-aU recovery (the associated decrement h P~Po for the Prece d-

computation was a maximum of 0.01 at a free-stream Mach rnnuber of 2.0 and
0.005 at a free-stream Mach ntier of 4.0). This restits h a variation
in the initial ccaupression surface angle with free-stream Mach nuniher,
the larger angles occurrhg in the lower s~ed range.

A t~ical sxisymnetric spike calculation is graphically illustrated
h figure 1. For a particular Mach ntier, the first design condition
of a total-pressure recovery across the tip shock of 0.99 established
both the initial. cone and its shock angle. These values were determined
by mesm of the conical-shock charts of reference 1. The initid charac-
teristics line was then deterndned from the caical flow field (ref. 2).
At the focal point, two-dimensional reverse-prandtl+feyer-streamline re-
lations held with zero turnnn radius. From these two sets of data, the
isentropic flow field was calculated by the method of c~acteristics
for potential flow with axial s-try (ref. 3). Iterations based on the
procedure of reference 4 were used in the computation of each point in
the characteristics network. By means of a f3tresm-function integraticm
along each of the focused characteristics (ref. 5), the surface contour
was determined from continuity relations. The end point (M = 1.00)was

t also calculated from the continuity equation with the additional assump-
tions of a straight sonic line and one-dimensional flow.

Axisy?metric spike solutions were thus computed for Mach nunibers
from 2.0 to 4.0 in incremmts of 0.5. T& calculated results are given
in table 1. An interpolation was made in order to determine the neces-
sary data for the 0.25 Wch nuuiber increments. m the results are sum-
marized h figure 2. Dimensionless geometric contours with their corres-
ponding focal yoints are presented in figure 2(a) . For each value of
axial distance x/r, the local surface amgle and Mach nurriberare given
in figure 2(b). c0nditi0n8 at the focal mint corres-* to a s~face
point x/r obtained by tracing back along a characteristic line may be
obtaimed from figure 2(c) . Thus, all the ~rt inent information necessary
in the design of isentropic sxisymwtric centerbodies and the condition
of the flow in the vicinity of the cowl lip may now be determined from

*
the appropriate charts.

.
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A parallel presentation of similar desi~ parameters for two- ‘- ”--”
dimens:!_onalisentroplc rsmps is given in figure 3. rkslg conditions
identical. to those for the axisymmetric cases were @osed. Geometric
contouus and corresponding focal points we presented in figure 3~a).
In the two-dimensional case, the flti conditc@s__alWggy c@qq.c&r&_.

—....—.—

tic line-tie, of cofise-,”constant. Thus; ”the c&diti-ons at the surface
are the same-as those at the focal p.ozt~ .The Va.tation of Mach number
and flow angle with axial.distance” x[r are presented in figure 3(b).
In the tw&dimensional case, the calculation of isentroplc contours and
flow fields with focused characteristics simply tivolves the use of-the
Prandtl.-Meyer theory for flow tiom”d “cofieis. A“ cbn-~-ri~~%-~abfi~i~n-”-
and definition of the particular parameter~ are_~resented In .tabl.-Q.
With the use “of”thesAerelations, the”%”o”ntours-and flow fj.elu co.rrespond-

— ..-..—

ing to @ other choice of tnitial shock strength may be readily ,
deterndned.

In a comparison of figures 2(c) and 3(b), there was a slight dis-
crepancy b the tiitial values of local &ch number and flow angle in-
stead c,fthe expected correspondence. This was incurred in the =isym-
metric cases through the use of the conical-shock charts of reference 1.
Some of the.variation can be attributed to a difference in the ratio of
specific heats for air T and S- tO Char&13CCUr=y. ThtS discrepancy
amounts to less than 1° in flow deflection ttio@ the fiitm shock.
The net effect is believed to be negligibly small with regard to either
inlet or exit designs.

The”charts of figures 2 and 3 may be wed forthedepiw o-fisen~’”’
tropic ~it.plugs ori?xhaust nozzles tith only negligibly small error In
thrust-because of the initial.conical flow assumed in the present calcu-
lations. The ratios of the theoretical thrust corresponding t-othese
contours to the ideal thrust were computed and found to be .on tbe..qrder
o&O.5 percent “lessthan unity. In the axisy?mnetric designs, the error
in centerbody surfabe angle at the throat-wuld be a maxhnum of O.1O.
These errors are deemed small enough to mskethe charts equally appll-.
cable t,~-”exit”-designproblems. ..

Compression Eh.uitsfor ISentropic hlets

AI-aZialySiS was made to determine the theoretical ltitations upon
the performance (i.e;, total-pressure -r~covery) of supersonic isentropic
tilets. The fallowing two conditions for inlet~-having focused ccmrpres-
sion at the cowl-lip were investigated: (1) maximum recovery based on
shock-s:;ructurerequirements of pressure and flow direc.tLm,..md. (2)
maximum recovery based on shock attachment at the cowl lip, both .intefi-
ally and externally.
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As illustrated in figue 4, the branch-shock configuration to be ..

analyzed consists of a single intersection of an isentropic compre-ssiori
fan, possibly a reflected wave (either an expansion or & compression),
a vortex sheet, and a shock wave. Theoretical requirements of any wave
intersection are that eqml static pressures and flow direction must
exist on either side of the vortex sheet. Two-dimensional flow rela-
tions are used in the preserit analysis; however, the results are equally
applicable to the axisymnetric case since the flow at the focal petit
can also be considered as locally two dimensional. Theoretical ‘SOIU-
tions are demonstrated by means of pressure-deflection polars as des-
cribed, for exsmple, in reference 6. In figure S,”free-stream shock
polars are representedby the solid curves, while the pressure-deflection
characteristics of the isentropic compression fields, or isentrcpes, are
identified by the short dashed lines.

b order to satisfy the condition of eq~ pressures and flow direc-
tion across the vortex sheet, a theoretical solution requires an fater-
section of the reflected-wave polar (whether it is a compression or an
expansion) tith the free-stream shock polar. The limiting condition
occurs at a point on the isentrope corresponding to the maxhxn deflec-
tion.angle from which a reflected-wave polar will be j~t tangent to the
free-stream polar. This msximum isentropic compressive turning is indi-
cated by the circular sydbol on the isentrope for each Mach nuniber. For
isentropic deflection angles in excess of this limit, no theoretical
solution is possible for a“single intersection point of the multiwave
pattern. At a Mach number’ of 3.5, the isentropic turning ~t occurs
at the intersection of the isentrope and the free-stream shock polar (no
reflected wave being required). At Mach numbers greater than 3.5, a weak
expansion is required as a reflected wave, whereas at the lower Mach num-
bers the reflected waves sxe compressions. At a Mach nuniber of 1.5, the
iseritrope is almost coincident with and terminates on the free-stream
shock polar. For ~ch nunibers of 2.0 and above, the.over-all pressure
rise at the compression limit (ps,/po)Z exceeds by a small amount that

at the maximum shock deflection angle and is considerably less (approxi-
mately 10 to 15 percent) than the free-stream normal-shock pressure rise.

The results of this malysis of the shock-structure limit are sum-
marized in figure 6. The variation of local Mach number and tux’rdng
angle corresponding to this compression limit are shown for free-stream
Mach nuuibers up to 4.0. In addition, the theoretical maximum total-
pressure recoveries (for inlets with entrance Mach n~ers equsl to the
Mach number sfter the isentropic compression and ahead of the reflected
wave) are likewise presented as a function of free-stream Mach number.
As sm example of the significance of this compression “limit, at Mach num-
ber 4.0 m isentropic all-external-compression ~et-ti”th full mass
flow has ~ theoretical maximum recovery of only 0.685 determined solely
by shock,losses. h this case, the local normal-shock Wch number is
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2.08. Since in this analysis, the flow is considered ap a two-
.

dimensicmal yroblem, it is necessaxy to refer to figure 2 in order to
find the equivalent limiting parameters (As,~ sad ~, ~) for the exi-

smtric isentropic spikes. The procedure at any free-stream Mach num-

ber is as follows: Enter figure 6 to determine

1( = Lr or with M =

4

‘$ ~ M~. With

Mf, enter figure 2(c) and determine the corres-

PO*3 value of r. Then, from figure 2(b) the V~UeS of ~~ ~ and

‘%(
at the compression limit may be obtained.

)

- ““--g

The requirement of attached shocks, externally and hternally, at
the cowl lip has also been analyzed in order to ascertain its effect
upon the perf ormaue of fsentropic inlets. With the cowl ass-d to
have a 30 included eagle, perf orman ce was calculated for an i6entropic
inlet with an initial externeL cowl-lip angle equal to the free-stream
detachment @e and with a “local“diffuser-entrance Mach number such
that the internal cowl-lip angle would eqyui!.the detac-nt value. The
resuits are shown in figure 7. This ‘consideration is much less restric-
tive tith re&rd to inlet performance “(i.e., pressure recovery) than the .

caqpre ssion limit based on shock qtructure. At Mach 4.0, this COWl-
shock-a,ttachment consideration lilnlts the pressure recovery of iaentropic
inlets with no internal contraction to approxtitely 0.89 as campared

.

with a value of 0.685 for the pzwssure recovery based on shock-structure
considerations. !I?heC~SSi~ limits with the maximum allowable in-
ternal. contraction for starting are also included.

I In the design of high+fach-ntier eJL-exteraa3.-compression isen-
1tropic” inlets having focused characteriati.cs at the cowl lip, the com-
! pZWSSiOZI l~t baxd on shock structm should, in practtce, receive
j first consideration. With flow turning in excess of this limit, it has
been observed ex_@r-ntally, with @t a compression surface (no cowl),
that a local bow shock forms em.dis located qpstm?am of the design focal.
point. --l?orthe ccuqplete inlet this, of course, results in spillage
losses (i.e., additive drags ) which tend to offset any gains in recovery.
Techniques for circumventing this lhtt, such as employing a cowl to
separate the tier and outer flows, are subject to starting difficulties
and viscous effects on the internal cowl surface. If such a technique

‘were pof]sible, the upper limit based on cowl-shock-attachment would hold.

Comparison of optimum *rf omance for Various Inlet Configurations

A perl?ormance comparison was made between the isentropi.c inlet with
its com~)=ssion limit based on shock structure and several other inlet
types. Aa mentioned previously, in this comparison only the potmtial

M

internal-flow performnc e of the varloua inlets is cmsidered. No
accounting is made of the associated external draga. The results are .
presented In figure 8 for Supersonic Mach numbers w to 4.0. ~ the

-. -..: - - .—=—
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order of increasing pressure recovery, the inlet configurations consid-
ered were normal-shock, convergent-divergent, single-cone, double-cone,
and isentropic. The single-cone, double-cone, and isentropic inlets
were evaluated with and without internal contraction. The geometric
sngles of the single- and double-cone i.nletwwere opttized in terms of
pressure recovery. As tidicatedby the curves, the use of the higher
compression inlets becomes increasingly more desirable in terms of rela-
tive internal performance with increasing free-stream Mach number. This
is also illustrated by the superimposed lines of constant kinetic-energy
efficiency qke, which for the rsm-jet engine is a measure of thrust

performance if the combustion factors are held ccmstant. Whereas the –
single-cone (no internal contraction) inlet indicates a kinetic-energy
efficiency of 0.97 at a Mach number of 2.0, the isentropic inlet is re-
quired in order to yield the same titernal-performance poteritial at a
Mach nunber of 4.0. The perforated convergent-divergent diffuser (ref.
9) has not been considered herein; however, its internal performance
does not appear to encounter any compression limitations.

Theoretical design calculations for determining optimum and off-.
design performance of simgle-oblique and double-oblique-shock inlets

u sre presented in appendixes A and B, respectively. Both cases, the two
~. dimensional and the axisymuetric, are considered therein.

EXJMMARY OF RESTJECS

Convenient chsrts have been presented for the design of isentropic
inlets or exits, includtig geometric contours snd 10CSL kch number ad
flow-angle distributions along the surfaces and at the focal point.
Limitations on the amount of compressive flow turning, that -“ be
utilized with isentropic inlets, have been analyzed and evaluated for
Mach nm.?ibersup to 4.0. A compression limit b=ed on shock-structure
requirements comes into effect at Wch number 1.5 for isentropic inlets.
At Wch nmiber 4.0, an all-ex%ernal-compression isentropic inlet with a
mass-flow ratio of unity is thus limited to a theoretical pressure re-
covery of 0.685. A comparison of optimum performance is made for several
types of conventional inlets over a tide rs.mge or supersonic -h nwmber
to illustrate the relative capability of the isentropic -et with its
compression limitation.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, October 21, 1955
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APPENDIX A

ESTIMATED PERFORMANCE OF SINGIE-OELIQW+SHOCK RIIETS

Theoretical total-pressure recoveries...f~~lelc onene and single-
wedge..stipersonic inlets with and without internal con-ction We prf=~
s-ented in figure 9. The losEes, which were tak=”” into “account, occur
across one oblique shock and one normal shock. For the cases with ti-
ternal, contraction, the msxtiumpermis~ible value for starting (ref. 7)
wa6 used. For the axisymmetric inlets, the normal-shack Mach number waa
assumed to be the arithmetic average of the Mach number immediately be-
hind the oblique shock and the Mach nuniber ~ong the conical surface.
The variation of pressure recovery with cone half-angle and wedge angle
is shown on the figures for free-streea”Mach numbers up to 4.0. -Sup~-
imposed on %he curves are lines identiwing the c@imum cone or wedge
angle at each Mach number, the mixed-flow region (~ = l.~) for the

axisynmetric inlets, and the shock-detachment’ condition. for.the &o- _..

-—
.

. ...—.——

—.-. —

. .

. .
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dimensional inlets. B6th optinnxnand tiff-designperfoz%ance may be ob~
talned for single-oblique.shock inlets from these figures.
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ESTIMATED PERFORMANCE OF DOUBLE-OBLIQUE SHOCK-INLETS

—

Theoretical total-pressure recoveries for double-cone and double-
wedge supersonic tilets with ~d without internal contraction are pre-
sented in figure 10. Total-pressure losses, in these cases, occur

w across two oblique shocks and one normal shock. For the cases with ti-

g ternal contraction, the maximum pendssible value for starting (ref. 7)
was used.

With the axisy?mnetri~ configurations, several simplifying ass~-
tions were used h the calculations. The Mach ntier of the coniced.
flow field of the initial.cone was considered to be the arithmetic aver-
age of the Mach mmiber immediat el.ybehhd the tip shock and the Mach num-
ber along the first cone surface. The second oblique-shock loss was then
calculated by considering that this averaged flow would undergo a two-

A dimensional flow-deflection equal to the clifference of the second and ia-
0.
$

itial cone half-angles. This consideration also yielded an average dif-
fuser entrance Mach nuiber. b order to avoid shock-detacbent conditions

y externally at the cowl lip, in some cases, the titernal cowl surface wt
m-
0 be incltied initially with the local flow, produchg a resultant titernsl

reflected wave. The compress ion through this wave is not considered in
the no-titernal-contraction case. With the maximum allowable internal
centraction for start=, one-dimensional flow relations are assumed to
hold from the entrance to the throat.

.-

Although not necessary for the previous calculation of theoretical
recoveries, an approximatee method for construct tig the cWved second
shock is generaXly quite satisfactory for use in locating the .titersec -
tion of the first and second oblique shocks and b designing the cowl
lip . The method was ftist proposed in reference 8. A linear variation
of Mach nuniber and flow incltit ion with ray angle V between the values
Just betid the initial oblique shock and the values at the first cone
surface is assumed. With this flow distribution, a constant flow deflec-
tion (equal to the difference between the second and first cone half-
angles ] is then assumed across the second shock. With these assumptions,
calculation snd construction of the curved second shock is now possible
in a progressive stepwis e procedure starting from the cone surface.

From the charts of figure 10, the Met performance for a large
range of angle conibinations snd free-stresm Mach ntier my be estimated.
Ih figure U. the opthum pressure recoveries and the corresponding opti-
mum -e combinations sxe summarized for a range of free-stream Mach
numbers up to 4.0.
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!IJ
0.6172
.6366
.6978
.7368
.7746

.8097

.6442

.9078

.9667
1.02CKI

1.0701
1.1171
1.1714
1.2223
1.2714

1.3200
1.3720
1.321.O
1.3319

r).ZLol 1.60
.2239 1.57
.2387 1.55
.2336 1.53
.2684 1.52

.2829 1.50

.2966 1.48

.?,242 1.45

.3516 1.41

.3775 1.37

.4034 1.34

.4282 1.30

.4598 1.23

.4904 1.20

.5219 1.X5

,5553 1.10
.5920 1.04
.698o l.oa

L.0@30

~.:

20:2
Z1.o
21.6

22.5
23.0
24.2
26.5
26.6

27.8
29.0
30.4
KL.8
33.3

34.6
35.2
35.3
FuAL

1.72
1.70 ::Z
1.68 8.99
1.66 9.52
1.64 lo.z

1.62 10.8
1.60 L1.35
1.56 L2.5
1.52 1.3.7
1.48 14.9

1.44 16.1
1.40 17.2
1.35 18.7
1.30 20.0
1.25 21.4

1.20 22.7
1.15 23.0
1So Z6.2
;olnt

0.9614 0.2344 2.65
1.1237 .2742 2.53
1.2414 .3Q36 2.51
1.4463 .3648 2.42
1.6114 .4212 2.33

X5.65
14.6
L5.5
u.a
20.0

22.3
24.7
2?.2
29..2
32.4

35.1
37.8
40.6
43.5
46.4

49.2
51.7
52.0
52.0
‘6 ]

2.7?) 5.34
z.65 .
2.60 ::&
2.50 10.6
2.40 13.o

2.30 M .4
2.20 18-0
2J-o 20.6
2.03 23.5
1.90 26.1

1.80 29.0
1.70 21.9
1.60 34.8
1.50 37.8
1.40 40.7

1.30 43.5
1.20 46.1
1.10 40.4
1.00 49.7
id

1.7474 .4737 2.24
1.@596 .5224 2.14
1.25L8 .5668 2SE
2.0293 .6Q86 1.86
2.0636 .6401 1.2s

2.1483 I .68421 1.77
2.1815 .7158 1.67
2.2292 .746s 1.57
2.2602 .7753 1.4.2
2.2P.74 .8026 1.38

2.3109 .6289 1.26
2.3320 .2542 1.18
2.3530 .WIO 1.06
2.3653 .9219 1.00
2.2869 1.C0Y3

z
6.!3
9.e4

u .2
12.6

14.0
I-5.4
16.8
I-8.2
19.7

21.1
22.6
2A.1

g::

28.5
30.0
31.4
32.8
34.1

35.4
36.6
37.6
38.94

2.22
2.13
2.10
2.03
2.CK

1.85
1.90
1.85
1.80
1.75

1.70
1.25
1.60
1.55
1.50

1.45
1.40
1.35
1.30
1.25

1.20
1.15
1.10

1.1427
1.4074
1.2407
1.e379
1.9965

2.1303
2.2373
2.3325
2.4096
2.4735

2 S300
2.5771
2.6163
2.5424
2.67S5

2.6989
2.7197
2.7358
2.7497
2.7616

2.7721
2.76M
2.79e4
2.7326

).2387
.295E

3.06
3.o1
2.83
2.63
2.74

2.63
2.36
2.46
2.37
2.27

2.18
2.08
1.96
1.68
1.79

L1.60
L3.2
Ma
16.8
18.7

20.6
22.8
24.8
27.0
29.3

31.7
34.2
36.8
39.5
42.2

45.0
47.7
50.8
53.7
56.5

59.0
59.3
59.5
‘X&

3.20 s.Cx
3.1o 6.24
3.00 8.7:
2.80 10.7
2.80 1.2.8

1.0319 .3043 2.CQ %8..5
1.IZ.29 .3351 1.95 20.0
1.2061 .3657 1.91 21.3

1.2600 .3956 1.87 22.8
1.3463 .4246 1.82 24.1
1.4075 .4527 1.77 25.5

.3537

.4103

.4617

.6089

.5503

.5926

.6ml

.6647

.6S?63

2.70 14.9
2.60 17.1
2.50 19.4

1.4616 .4796 1.73 2S.6
1.5120 .5067 1.68 28.3

1.6568 .5304 1.63 29.7
1.s871 .5543 ,1:59 ?CL.2
1.6353- .5702 1.54 32.7
1.6622 .6Q24 1.49 34.1
1.6992 .622L 1.44 35.4

2.40 21.7
2.30 24.2

2.20 26.8
2.10 29.4
2.00 32.1
1.93 34.9
1.60 37.8

.7263

.7548

.7203

.e026

.6251

.2456

.68s0

.8232

.2003

.9166

.8332
,.9616
..moo

1.7209
1.7365
1.76LL
1.8042
l.m

.6437 1.40

.6647 1.35

.6633 1.30

.7047 1.25

.7247 1.20

36.9
36.5
40.0
41.3
42.4

1.66
1.59
1.49
1.39

1.70 40.7
1.KI 43.7
1.50 46.6
1.40 49.5
1.30 52.31 .2a

1.18
1.08
1.03

1.8466
1.6664
1.8963

.7426 1.L5

.7642 1.10

.790!) 1.04

43.1
43.2
43.3

1.201 55.0
1.10 57.2
l.m 58.!3
>Illt

MO .4.00

1.1268
1.5141
1.7869
2.0188
2.2098

2.3716
2.5045
2.6254
2.n73
2.2CC0

i?.86S7
2.2289
2.9798
5.0228

T
3.1669 3.62
.26o9 3.80
.3163 3.41
.3736 3.32
.4253 3.23

T2
L1.4
X2.9
14.3
15.9

17.4
19.1
20.9
22.6
24.6

26.5
28.6
30.7
33.0

z%
3.60
3 .W
3.40
3.30

3.20
3.10
3.00
2.9o
2.212

2.70
2.60
2.50
2.40

m Tr
35.3 Z.iio 31.5
37.7 2.20 34.1
40.2 2.10 36.7
42.8 Z.m S9.4
45.5 1.60 42.2

.4737 3.14

.5173 3.04

.56SL 2.65

.5972 2.26

.8337 2.77

1-z.3

I

3.1703 .8732 1.80
14.2 3.1635 .6685 1.70
16.0 3.1937 .2042 l.m
18.0 3.2c28 .9174 1.53
20.1 3.20% .6225 1.40

46.0 1.W 45.1
50.6 1.70 48.0
53.5 1.60 50.9
56.2 1.50 53.9
58./3 1.40 56.8

.66711 2.67

.6979 2.58

.7263 2.48

.7537 2.38
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TA8LE II. - TWO-DIMENSIONAL FLOW AR- CORN=
... ... ...—

(Prandtl-Meyer Theory). .——

Y

I
. .-

i!

I
‘o

n&l.03

~

fginand focal point,

.—
.-.

— .-
.—

Sjnnbola:

r,* Polar ooordlnatea

~,Y Cartesian coordinates

0 flow angle
-1 ~

B Mach angle sin ~

M Maoh number

EQUtiOnB:

*-*tan ‘1 k+fii

where

k-#(y- 1)/(7’ + 1), -y-l.40

-. ..-
—

—,-T.

.L—

—

—

--? ~

. ___ -

—

——

—
---

o-++p -90 (deg)

r/r. - 1/( cios km) 6

. . . —.
For straamllnea:

x/r. . r/r. cos(~ - e), Y/r. = r/r. sln(B - o) .“

.— -—

●
r x
q %

+ I M

l.omo 0 1 .Omo 1.10
:.114 1.0101 .14256 .99997 1.11

11.490 1.0203 .20325 .99989 1.12
14.092 1.0308 .25097 .99976 1.13
16.293 1.0414 .29215 .99953 1.14

18.240 1 .C621 .32931 .99923 1.15
20.007 1.0631 .36370 .99890 1.16
21.637 1.0742 .39608 .99852 1.17
23.160 1.0858 .42695 .99007 1.1s
24.595 1.0971 .45660 .99752 J .19

25.956 1.1067 .48S26 .99687 1.20

Ll.-L-
1.00 ~- “
1.01 .0447:
1.02 :=;”
1.03
1.04 .3510

1.336 25.956 1.1067 0.48526 0.99687
1.552 27.255 1.1206 .5131% .99620
1.735 28.501 1.1327 .54048 .99541
1.944 29.698 1.1450 .56725 .99457
2.160 30.854 1.1574 .5935e .92361

2.3’91 31.973 1.1701 .61658
.2.607 33.057 I .1829

.9925e
.64525 .s9145

2..939 34.112 1.1960 .6707S .99022
3.074 35.138 1.2093 .69602
3.314 36.136 1.2220

.9a895
.721.13 .98764

1

.4674
::% .=67
1.07 -.7973
1.08 .9680
1.09 :..148

.

.3.358 37.113 1.2365 .74Kt2 .98&Ol

.—
.-
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mu

1.20 3.55
1.21 3.80
1.22 4.C6
1.23 4.31.
1.24 4.56

1.25 4.83’
1.26 5.09
1.27 5.33
1.28 5.62
1.29 5.89’

1.30 6.17
1.31 6.44
1.32 6.72
1.33 7.m
1.34 7.27

1.35 7.56
1.S6 7.64
1.37 6.12
1.38 8.41
1.39 8.69

1.40 8.96
1.41 9.27
1.42 9 .56!
1.43 9 .85!
1.44 10.E

1.45 10.44
1.46 10.73
1.47 11.02
1.46 11.32
1.49 11.61

1.50 11.91
1.51 12.20
1.52 12.49
1.53 12.79
1.54 13.09

1.55 13.38
1.56 13.66
1.57 13.97
1.56 14.27
1.59 14.56

1.60 14.66
1.61 15.16
1.62 15.45
1.63 15.75
1.64 16.04

1.65 16.34
1.S6 16.63
1.67 16.93
1.66 i7.22
1.69 17.52

1.70 17.81
1.71 18.10
1.72 18.40
1.7?s18.69
1.74 16.96

1.75 19.27
1.76 19.56
1.77 19.66
1.76 20.15
1.79 20.44

1.80 20.73
1.81 21.01
1.82 21.30
1.63 21.59
1.64 21.88

1.85 22.16
1.86 22.45
1.87 22.73
1.8b 23.02
1.69 23.30

TA2L211: - Continued. TUO-DI?4ENSIONAL FL.C?4AROUND COFUiFR6

37.11
38.07
39.m
39.92
40.81

41.70
42.56
43.41
44.25
45.07

45.66
46.67
47.47
48.24
49.01

49.76
50.51
51.24
51.97
52.69

53.40
54.10
54.79
55.46
56.17

56.64
57.50
58.16
58.81
59.45

60.15
60.73
61.35
61.98
62.60

6s.20
63.61
64.41
65.oC
65.59

66.18
66.76
67.33
67.91
68.47

69.03
69.56
70.15
70.69
71.24

71.7.9
72.31
72.85
73.38
73.60

74.42
74.94
75.46
75.97
76.46

76.96
77.47
77.97
78.47
78.96

79.44
79.93
80.40
80.69
61.36

81.83

T
~~
rO ro

1.2365 0.7461
1.250S .7711
1.2646 .795s
1.2790 .8207
1.2936 .6455

1.3065 .8704
1.3235 .6952
1.3388 .917?
1.3544 .9451
1.3701 .970C

1.3862 .8852
1.4CQ3 1.02fx
1.4180 1.045:
1.43s8 1.071.i
1.4529 1.096:

1.47CE 1.122:
1.4679 1.148?
1.5056 1.1742
1.3236 1.2002
1.5422 1-226:

1.5609 1.2531
1.5799 1.279[
1.5991 1.306;
1.6187 1.333:
1.6365 1.361

1.6569 1.389
1.6795 1.416
1.6995 1.444
1.7208 1.472
1.7425 1.501

1.7643 1.529
1.7867 1.559
1.6085 1.587
1.8312 1.617
1.8543 1.646

1.8779 1.676
1.9019 1.707.
1.8260 1.737
1.9497 1.767
1.6747 1.798

2.0000 1.830
2.0259 1.662
Z.mzl 1.6S3
2.0766 1.926
2.1053 1.958

2.1313 1.960
2.1594 2.024
2.1672 2.057
2.2156 2.091
2.2452 2.126

2.2746 2.182
2.3031 2.194
2.3332 2.229
2.3641 2.265
2.3958 2.302

2.4254 2.336
2.45.92 2.374
2.4907 2.411
2.5236 2.446
2.5562 2.465

2.5907 2.524
2.6239 2.561
2.6568 2.60U
2.6947 2.640
2.7293 2.679

2.7663 2.720
2.6019 2.759
2.8409 2.601
2.8763 2.841
2.9163 2.863

2.9551 2.925

L
ro IIM.J

ZEEE
.97696 1.95 24.99
.97477 1.96 25.27
.97250 1.97 25.35
.97011 1.96 25.63
.96756 1.99 26.10

.96493 2.00 26.36

.96215 2.01 26.66

.95923 2.02 26.93

.95615 2.03 27.20

.95296 2.04 27.48

.94959 2.03 27.75

.94617 2.M 26.02

.94246 2.07 28.29

.93667 2.08 26.56

.93475 2.09 26.83

.93059 2.10 29.10

.92627 2.11 29.36

.92183 2.12 29.63

.91720 2.13 29.90

.9122 2.14 30.16

.9074 2.15 30.43

.9022 2.16 30.69

.692S 2.17 30.65

.8913 2.16 31.21

.6857 2.19 31.47

.8795 2.20 31.73

.6735 2.21 31.99

.6671 2.22 32.25

.6603 2.23 32.51

.8533 2.24 32.76

.8466 2.25 33.02

.8393 2.26 33.27

.8316 2.27 33.53

.8239 i2.28 33.78

.8159 2.29 34.03

.6078 2.30 34.28

.7994 2.31 34.53

.7909 2.32 34.76

.7818 2.33 35.03

.7726 2.34 35.26

.7626 2..3J533.53

.7530 2.36 35.77

.7428 2.37 36.02

.7326 2.38 36.26

.7221 2.39 36.50

.7113 2.40 36.75

.6999 2.41 36.89

.6681 2.42 37.23

.6761. 2.43 37.47

.6644 2.44 37.71

.6515 2.45 37.95

.6386 2.46 3.6.16

.6254 2.47 36.42

.6118 2.48 36.66

.5976 2.49 36.89

.5637 2.50 39.12

.5693 2.51 39.36

.5542 2.52 39..59

.5387 2.53 39.82

.5227 2.54 40.03

.5071 2.55 40.26

.4901 2.56 40.51

.4756 2.57 40.75

.4555 2.58 40.96

.4380 2.59 41.19

.4196 2.80 41.41

-i-+

*r
~

% PO

81.83 2.9551 2.925
82.30 2-9949 2.968
62.76 3.0349 3.011
83.22 3-0741 3.053
63.66 3.1143 3.025

84.14 3J578 3.141
64.59 3.1960 S.185
85.04 3.2415 3.230
83.50 3.2873 3.277
85.83 3.3311 3.s23

66.38 3.3750 3.366
86.82 3.4200 3.415
67.26 3.4650 3.461
87.69 3.5125 3.510
86.15 3.5613 3.560

68.55 3.6075 3.606
68.98 3.6563 3.S56
89.40 3.7051 3.705
89.62 3.7.552 3.755
90.24 3.8066 3.807

6Q.66 3.8360 3.858
91.07 3.9076 3.907
91.49 3.9835 3.962
91.90 4.0144 4.012
92.30 4.07fxl 4.067

62.71 4.1254 4.121
93.11 4.1806 4.174
93.51 4.2373 4.229
93.91 4.2937 4.284
94.30 4.3518 4.340

94.69 4.4092 4.395
95.09 4.4723 4.455
95.48 4.5310 4.510
95.67 4.5935 4.570
96.25 4.6355 4.628

96.63 4.7148 4.683
a7.ol 4.7801 4.744
97.39 4.8473 4.807
97.77 4.9116 4.666
96.14 4.9776 4.927

98.51 5.0454 4.990
98.86 5.1125 5.051
99.25 5.1613 5.114
99.61 5.2521 5.179
99.98 5.3220 5.242

100.35 5.3037 5.306
100.70 5.4675 5.372
101.06 5.5432 5.440
107..41 5.6148 5.504
101.77 5.6925 5.573

102.13 5.7703 5.642
102.47 5.8445 5.707
102.62 5.9242 5.777
103.17 6.0024 5.645
103.52 6.0864 5.918

103.86 6.1690 5.9.99
104.19 6.2461 6.056
104.54 6.3331 6.130
104.66 6.4193 6.2o4
105.21 6.5062 6.276

103.54 6.5820 6.351
la5.88 6.6600 6.425
106.21 6.7659 6.497
106.54 6.6634 6.579
106.87 6.9541 6.655

107.19 7.0472 6.732
107.52 7.1429 6.811
107.84 7.2369 6.869
106.15 7.3296 6.965
106.46 7.4294 7.046

106.79 7.5301 7.129

\

$

0.4199
.4013
.3824
.3631
.3429

.3224

.3016

.2803

.2579

.2364

.=31

.1897

.1656

.1416

.1162

.0912’

.0650(

.0367!

.0117!
-.0158!

-.0444~
-.0729(
-.1031
-.1331
-.1633

-.1950
-.2268
-.2594
-.2926
-.3263

-.3605
-.3968
-.4327
-.4699
-.5070

-.5446
-.5632
-.6Z34
-.6640
-.7048

-.7467
-.7894
-.8326
-.6766
-.9223

-.6692
-1.015
-1.063
-1.I.3.l
-1.161

-1.212
-1.262
-1.315
-1.367
-1.423

-1.478
-1.531
-1.590
-1.648
-1.707

-.1.766
-1.82S
-1.689
-1.9-54
-a.o18

-2.082
-2.150
-2.217
-2.283
-2.355

-2.425

15
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T~ II. - Concluded. THO-DIH2NSIONU FI.J3WARti C~

2.80 41.41
2.61 41.64
2.62 41.86
2.63 42.09
2.64 42.31

2.65 42.53
2.U 42.75
2.67 42.97
2.66 43.19
2.69 43.40

2.70 43.62
2.71 43.84
2.72 44.05
2.73.44.27
?.74 44.48

:?”.75 44.69
:2.7644.91
2.77 45.12
2.76 45.33
2.79 45.54

:?.80 45.75
:?.6145.95
;:~ :::::

:?.04 *6.57

:?.85 46.78
:?.86 46.98
2.87 47.19
2.88 47.39
t?.8947.59

:!.9047.79
:?.9147.99
:!.92 48.19
:!.9348.39
:!.94 48.59

;!.9548.78
;!.9648.98
2!,9749.18
2.98 49.37
2.99 49.56

3.00 49.76
3.01 49.95
:..CQ 50.14
:,.0350.33
?.04 50.52

-.CL550.71
.06 50.90
.07 51.09
.08 51.28
.09 51.46

.10 51.65

.ll 51.84
.12 52.o2
‘.1352.20
‘.1452.39

.15 52.57

.16 52.75

.17 52.93

.18 53.11

.19 53.28

.2Q 53.47

.21 53.65

.22 53.63

.23 54.00

.24 54.1.2

108.7!
109.1;
109.4:
109.7<
Llo.a

110.3(
110.6”
110.9”
111.21
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(a) ~uble-cone inlets; no internal contraction.

Figure 10. - Theoretical performance of double-cone and double-wedge inlets.
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Figure 11. - Concluded.
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